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Abstract
We show that a KSVZ axion with a decay constant in the phenomenologically allowed range can be obtained
in certain E8 × E8 heterotic string models. These models have an enhanced symmetry locus in the moduli
space, and a non-universal, Ka¨hler moduli dependent Fayet-Iliopoulos term which vanishes at this locus.
Close to this locus the Fayet-Iliopoulos term is small and can lead to an axion decay constant significantly
lower than the string scale. In this way, the no-go arguments of Svrcˇek and Witten, which are based on a
universal, dilaton-dependent Fayet-Iliopoulos term, can be avoided. The relevant axion originates from phases
of bundle moduli which correspond to deformations away from the enhanced symmetry locus. We construct
an explicit example, based on a heterotic line bundle standard model, with all the required ingredients.
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1 Introduction
A Peccei–Quinn axion [1] is considered the most economical solution to the strong CP-problem (see [2] for a
review and the references therein). The current astrophysical and cosmological bounds impose that the QCD
axion decay constant should be in the narrow window 109 − 1012 GeV, a scale which is difficult to realise in
string models with the fundamental scale close to the Planck scale. A detailed study of string theory axions
was undertaken by Svrcˇek and Witten in Ref. [3]. In particular, they showed that in certain heterotic string
scenarios it is problematic to find axions with decay constants much smaller that the GUT scale.1
In the present note, we propose a heterotic string mechanism which evades the no-go arguments of Ref. [3]
and can lead to a QCD axion with a small decay constant. The key to our solution is the existence of enhanced
symmetry loci in the moduli space of heterotic string compactifications. These correspond to loci where the
heterotic bundle splits into a direct sum of sub-bundles. The enhanced symmetry amounts to one or several
U(1) factors, which are generically Green-Schwarz anomalous and have super-heavy associated gauge bosons.
Large classes of phenomenologically interesting heterotic compactifications with such loci are known to
exist (see, for example, Ref. [8]). In practice, one starts by constructing the compactification at the enhanced
symmetry locus, as it is done for heterotic line bundle models [9–13]. The full moduli space in which these
special loci reside can subsequently be explored [14–16]. Such models are phenomenologically interesting,
particularly because the U(1) symmetries can severely constrain the low-energy theory. For example, a
supersymmetric standard model with a stable proton has recently been constructed relying on the line
bundle approach [14–16].
We will be working within the context of such E8 × E8 heterotic Calabi-Yau models equipped with a
bundle that splits somewhere in the moduli space. The Fayet-Iliopoulos (FI) term associated to the resulting
U(1) symmetry is Ka¨hler moduli dependent and vanishes at the split locus. In terms of the underlying
10-dimensional theory, this vanishing property can be understood as the zero-slope condition on the vector
bundle. Close to the split locus, the FI term is small but non-zero and the D-term equations can be satisfied
by cancelling the FI term with a small vacuum expectation value (VEV) of a bundle modulus. Coupling this
bundle modulus to an exotic pair of vector-like quarks [17, 18], leads to an axion which originates from the
bundle moduli phase. Its decay constant is proportional to the bundle moduli VEVs and is, hence, set by
the size of the FI term. In this way, an axion with a small decay constant can be obtained close to the split
locus in moduli space.
Our note is organised as follows. In Section 2 we describe the mechanism in four-dimensional language.
We show that an axion which is the phase of a bundle modulus can indeed couple to QCD and that there
are no obstructions to having its decay constant within the observational bound. In Section 3 we give the
details of the ten-dimensional compactifications of the heterotic string that can lead to the proposed set-up.
Finally, in Section 4, we provide a concrete example, based on a heterotic line bundle standard model.
2 The four-dimensional picture
We start out by fixing the conventions for the axion and its coupling to QCD. The QCD axion is a periodic
scalar field φ with a global U(1) shift symmetry φ → φ + const, which is broken by QCD instanton effects.
We normalise the field φ such that its period is 2π. Moreover, since φ has mass dimension zero, we can
1Some string models with a low axion decay constant were studied in Ref. [4] in the context of Type IIB large volume compact-
ifications and in Ref. [5] in the context of warped heterotic compactifications. See also Ref. [6] for a recent axion construction in
Type IIA string theory and the Ref. [7] for a recent review of QCD axions in string theory.
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introduce a mass parameter f and define the field a = fφ, which is canonically normalised. Its kinetic term
and coupling to QCD are given by the action
S[a] = −1
2
∫
d4x∂µa ∂
µa+
r
8π2
1
f
∫
a tr(F ∧ F )QCD , (2.1)
where r is an integer. We use a normalisation of the field strength F in which the instanton number is
given by
N =
1
8π2
∫
tr(F ∧ F )QCD . (2.2)
The purpose of this section is to illustrate the mechanism for a heterotic axion with a small decay constant
from the point of view of the relevant four-dimensional effective theories. These are N = 1 supergravity
theories with the standard model gauge groupGSM = SU(3)×SU(2)×U(1) and with one or several additional
U(1) symmetries. The additional U(1) symmetries are, generically, anomalous in the Green-Schwarz sense;
consequently the associated gauge bosons are massive and, at low-energies, the U(1) symmetries only survive
as global symmetries.
Let us now describe the general structure of the spectrum for these theories, focusing on the fields that
are relevant to our discussion. The gravitational spectrum of the model consists of the dilaton, S = s+ i
√
2σ
(where σ is the dilatonic axion), a number of Ka¨hler moduli T i = ti + 2iχi (where ti are the geometrical
fields, measuring the size of Calabi-Yau two-cycles, and χi are the associated axions) plus complex structure
moduli which will not play an essential role in our discussion. We assume a general situation with several
U(1) symmetries labelled by the index a and with associated gauge fields Aaµ. Under a gauge transformation
δAaµ = −∂µηa, the axions χi transform non-linearly
δχi = −ǫ kia ηa , (2.3)
where ǫ is a constant defined in terms of eleven-dimensional quantities, and kia are topological integers defined
by the compactification data, as will be discussed in the next section. The dilatonic axion also receives a
non-trivial gauge transformation at one-loop level which leads to a one-loop correction to the FI term [19].
This correction will not change any of our conclusions, and will henceforth be ignored.
The matter spectrum of the model contains the MSSM fields. In addition, we assume that we have
an exotic vector-like pair of quarks, Q − Q˜, in order to facilitate the KSVZ mechanism, and several singlet
matter fields which correspond to bundle moduli and are neutral under the standard model group. All matter
fields CI , including the aforementioned singlet matter fields, carry charges qa,I under the a
th U(1) symmetry
and transform linearly as
δCI = −i ηa qa,I CI . (2.4)
The Ka¨hler potential for the model is given by
K = −M2P
(
log(S + S) + log(κ) − Kcs
)
+ GIJ C
I CJ , (2.5)
where Kcs is the complex structure Ka¨hler potential and CI collectively denote all matter fields listed previ-
ously. The specific form of the matter field Ka¨hler metric GIJ is not relevant to our discussion and it will be
sufficient to know that it is positive definite. The pre-potential, κ, for the Ka¨hler moduli is explicitly given
by κ = dijk t
i tj tk, where the topological numbers dijk are defined by the underlying string compactification
and κ is related to the Calabi-Yau volume through the relation κ = V/6. To simplify our discussion, we
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assume that the Ka¨hler moduli space is given by ti > 0, which can indeed be achieved in many cases.
From this Ka¨hler potential and the U(1) transformations given above, standard four-dimensional super-
gravity fixes the D-terms, which take the general form [8]
Da =
M2P
V ǫ dijk ka
i tj tk −
∑
I,J
qa,I GIJ C
I CJ . (2.6)
In general, the superpotential W is constrained by the U(1) symmetries. We assume the U(1) charges
are such that a cubic coupling between the exotic vector-like quark pair and one of the singlet fields C is
allowed. Hence, the superpotential has the form
W = λQC Q˜+Wsing + . . . , (2.7)
where Wsing is the superpotential for the singlet matter fields and the dots refer to the usual MSSM super-
potential terms. The coupling QC Q˜ will be crucial in our discussion of the axion mechanism. In addition,
we assume that the singlet superpotential is such that the field C remains an F-flat direction.
The final ingredient of the low-energy field theory is the gauge kinetic function for the standard model
gauge fields, which is universal and is given by
fSM = S + πǫSβi T
i . (2.8)
Here ǫS is the strong coupling expansion parameter and βi are topological numbers defined by the compact-
ification data. In the next sections we will show that low-energy theories with all the above ingredients can
indeed be obtained from the E8 ×E8 heterotic string and an explicit example will be provided in Section 4.
The theory schematically described above contains several axionic fields σ, χi which couple to tr(F∧F )QCD
via the gauge kinetic function (2.8). These axions represent the traditional candidates for resolving the strong
CP problem within the heterotic string context. However, it has been known for a long time (see, for example,
Ref. [3] and the references therein) that the decay constants for these axions are of order of the GUT scale
and, therefore, are too large to comply with the phenomenological constraints.
This situation is radically different if one considers the axions which are the phases of the singlet fields.
We now turn to the discussion of these axions. We write the singlet field as C = heiφ, so that the U(1)
symmetries act on φ by shifts
φ→ φ− qa ηa , (2.9)
where qa denote the U(1) charges of C. It is convenient to define a new basis for the U(1) generators, such
that the field C is charged under a single U(1), with a charge that we denote by q. Integrating out Q and Q˜
at energies below 〈|C|〉 = h gives a contribution to the effective action consistent with the chiral anomaly
− 1
8π2
∫
φ tr(F ∧ F )QCD , (2.10)
which provides the coupling of the axion φ to (F ∧ F )QCD. Thus, the effective action for the axion becomes
S[φ] = −
∫
d4x
(
h2(∂µφ− qAµ)2 +D2
)− 1
8π2
∫
φ tr(F ∧ F )QCD . (2.11)
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The same effect can also be understood from a different viewpoint. Integrating out a massive Q−Q˜ pair
produces a 1-loop threshold correction to the gauge coupling given by [20]
−T (r)
8π2
log h = − 1
16π2
log h , (2.12)
where T (r) is the quadratic Casimir which is equal to 1/2 if the Q− Q˜ pair transforms in the fundamental
(antifundamental) representation of SU(3). This means that we have a contribution to the effective action
of the form
− 1
16π2
∫
d4x log h trF 2 . (2.13)
By supersymmetry this implies (2.10). From Eq. (2.11), we see that φ indeed couples to QCD and, comparing
with Eq. (2.1), we obtain the axion decay constant
f =
√
2h . (2.14)
The value of h in the supersymmetric vacuum is controlled by the D-term equation (see Eq. (2.6))
D =
M2P
V ǫ dijk k
i tj tk − q h2 = 0 , (2.15)
where (ki) represents a linear combination of the vectors (kia) that corresponds to the linear combination of
the U(1) generators discussed above. The first term represents the FI contribution. Provided the vector (ki)
contains both positive and negative entries this FI term can vanish at a certain locus in moduli space, which
we will also refer to as the split locus. This indeed happens for many examples. From a 10-dimensional
point of view, the vanishing of the FI term is linked to the zero-slope condition on the vector bundle, as
will be discussed in the next section. It is clear that, at the split locus, h must vanish in order to preserve
supersymmetry.
Moving away from the split locus, the magnitude of the FI term can be smoothly varied in an interval
around zero. Hence, there is no obstruction to having h small, so that the axion decay constant f is consistent
with the observational bound 109 < f < 1012 GeV. Note that this mechanism does not work in the case of
the universal anomalous U(1) symmetry considered in Ref. [3]. In this case, the FI term is proportional to
1/s and is of the order of the GUT scale as long as the gauge coupling has a value in the phenomenologically
required range. Apart from generating the coupling of φ to tr(F ∧ F )QCD, the superpotential term QCQ˜
also generates a mass for the exotic vector-like pair well above the TeV scale, thus removing it from the
low-energy spectrum.
Moreover, given that the value of h is much below the compactification scale, the mass of the U(1) gauge
boson receives its leading contribution from the χi and σ kinetic terms, thereby breaking the U(1) gauge
symmetry close to the GUT scale. Below this scale, the U(1) appears only as a global symmetry which is
then spontaneously broken by a non-vanishing VEV 〈|C|〉 = h.
3 The higher-dimensional picture
In this section, we briefly review the structure of E8 × E8 heterotic string compactifications on Calabi-Yau
manifolds with split vector bundles, following Refs. [9, 10]. Our emphasis will be to show how the various
ingredients in the effective four-dimensional theory required for a successful axion model, as described in the
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previous section, can be obtained in such compactifications.
We consider a compactification of the E8 × E8 heterotic string (in the weak or strong coupling limit) on
a Calabi-Yau (CY) three-fold X with a rank five vector bundle V → X which splits as
V =
A⊕
a=1
Va (3.1)
where Va are bundles with structure groups U(na), subject to the constraints
∑
a na = 5 and c1(V ) = 0. In
this way, the structure group of V is contained in S(U(n1)× · · · × U(nA)) ⊂ SU(5) ⊂ E8 whose commutant
in E8 – the observable low-energy gauge group – is given by SU(5)× S(U(1)A). In general, there is another
vector bundle in the hidden E8 sector but this will not be relevant to our discussion.
For the above compactification to preserve supersymmetry the bundle V needs to be poly-stable with
slope zero. This is equivalent to saying that each sub-bundle Va is slope-stable and has vanishing slope. The
slope of Va is explicitly given by
µ(Va) =
1
rk(Va)
∫
X
c1(Va) ∧ J ∧ J = 1
rk(Va)
dijk c
i
1(Va) t
j tk
!
= 0 (3.2)
where J = tiJi is the Ka¨hler form on X , the Ji, i = 1, . . . , h
1,1(X), form a basis of the second cohomology
of X and ti are the Ka¨hler moduli. We note that the slope is proportional to the numerator of the FI term
in Eq. (2.6), when the topological numbers kia are identified as k
i
a = c
i
1(Va). In this way, the vanishing of the
FI term, which is a crucial ingredient in our scenario, is directly tied to the supersymmetry of the internal
vector bundle.
The matter spectrum of the four-dimensional GUT theory with gauge group SU(5) × S(U(1)A) is con-
trolled by the cohomology of V and its associated tensor bundles and is summarised in the table below.
multiplet S(U(1)A) charge bundle cohomology
10a ea Va H
1(X,Va)
10a −ea V ∗a H1(X,V ∗a )
5a,b ea + eb Va ⊗ Vb H1(X,Va ⊗ Vb)
5a,b −ea − eb V ∗a ⊗ V ∗b H1(X,V ∗a ⊗ V ∗b )
1a,b ea − eb Va ⊗ V ∗b H1(X,Va ⊗ V ∗b )
Here, ea denotes the a
th standard unit vector in A dimensions, so that, for example, the multiplet 10a carries
charge one under the ath U(1) symmetry and is uncharged under the others. Provided that the Calabi-Yau
manifold X has a freely-acting symmetry Γ (which lifts to the bundle V ), the above GUT model can be
quotioned by Γ and a Wilson line can be introduced in order to break the GUT group to GSM × S(U(1)A).
Then, the GUT multiplets in the above table break up into the usual standard model multiplets. For a
model with a phenomenologically viable field content we require that h1(X,V ) = 3|Γ| (three 10 multiplets),
h1(X,V ∗) = 0 (no 10 multiplets), h1(X,∧2V ) = 3|Γ| + n and h1(X,∧2V ∗) = n (three 5 multiplets plus
whatever remains from the additional n vector-like 5 – 5 pairs). The vector-like 5 – 5 pairs can lead to a pair
of Higgs doublets and, depending on the Wilson line choice, also to a vector-like pair of exotic quarks, as
required for our axion models. Whether this can be achieved depends on the details of the model, specifically
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the Wilson line choice, and a concrete example will be given in the next section.
Further, we note that all matter fields in the above table carry charges under the additional U(1) sym-
metries. This includes the singlet matter fields 1a,b, which describe deformations away from the split locus.
The existence of a trilinear superpotential coupling between a singlet matter field and the exotic quark pair,
which is crucial for the axion model (see Eq. (2.7)), depends on the specific charges of the fields in a given
model. However, we note that the general structure of charges, as in the above table, is consistent with such
a term. In the next section, we will present an example model where this trilinear term is indeed allowed.
Finally, we should explain the higher-dimensional origin of the FI term in Eq. (2.6). For this, it is
sufficient to explain the non-linear transformations of the axion fields χi in Eq. (2.3). These fields originate
from the M-theory three-form C (here we use the strong-coupling version of the theory, but the weak coupling
formulation leads to identical results) as
C11ab¯ = χ
i(Ji)ab¯ , (3.3)
and they combine into four-dimensional supermultiplets as T i = ti+2iχi. It is a general feature of heterotic
theories, induced by the Bianchi identity, that three-form C transforms non-trivially under E8 × E8 gauge
transformations [21, 22]. For the present compactifications with split bundles, this implies
δC11ab¯ = −
(κ11
4π
)2/3 1
4π
δ(x11) tr(ηFab¯) . (3.4)
where F is the internal field strength of any of the additional U(1) symmetries, η is the corresponding
four-dimensional transformation parameter and κ11 is the 11-dimensional Newton constant. Integrating this
equation over CY two-cycles Ci dual to the basis Ji, as well as over the orbifold S1/Z2, and taking into
account Eq. (3.3), we have
δχi = − ǫ
4π
∫
Ci
tr(ηF ) . (3.5)
where ǫ = ǫSǫ
2
R and
ǫS =
(κ11
4π
)2/3 1
πρv1/3
, ǫR =
v1/6
πρ
(3.6)
are the relevant expansion parameters in the strong coupling limit [23, 24]. Here v and πρ are the reference
volumes of the CY manifold and the orbi-circle, respectively, so that the four-dimensional Planck mass is
determined by M2P = πρ v/κ
2
11. Eq. (3.5) immediately implies the non-linear transformation law (2.3) for the
axions χi, identifying kia = c
i
1(Va), as before.
In summary, we have seen that all the required ingredients for a successful axion model are present in
heterotic CY models with split bundles. We obtain additional, Green-Schwarz anomalous U(1) symmetries
with associated FI terms which can vanish at specify loci in Ka¨hler moduli space. Standard multiplets as well
as additional singlet matter fields are charged under these U(1) symmetries and vector-like pairs of exotic
quarks with a trilinear superpotential coupling to a singlet matter field can be obtained for suitable model
building choices. In the next section, we will provide an explicit example, in the context of heterotic line
bundle bundles, which realises all these properties.
4 An explicit example
The database [25] contains a large number of phenomenologically promising SU(5)–GUT models, derived
from the E8 × E8 heterotic string compactified on smooth Calabi-Yau manifolds with line bundle sums.
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These models have the right field content to lead to three families of quarks and leptons after the inclusion
of a Wilson line; they also have a number of vector-like 5–5 pairs, intended to account for a pair of Higgs
doublets. In the model building approach pursued in Refs. [9, 10], the Wilson line was chosen to project
out the triplets from the 5–5 pairs while keeping at least one pair of Higgs doublets – clearly the simplest
and cleanest way to arrive at an MSSM-like spectrum. In the present context, we will slightly modify this
approach in order to implement the KSVZ axion. We will choose a Wilson line which leads to one pair of
Higgs triplets, in addition to the pair of Higgs doublets. The database [25] can, in principle, be searched
systematically for models which allow for such a choice and we expect that a large number of possibilities
will emerge in this way. Here, we are merely interested in a proof of existence and we will, therefore, focus
on a single example with the right properties.
4.1 The manifold
The model in question is defined as a compactification on a smooth Calabi-Yau threefold X realised as an
intersection of two hypersurfaces in a product of five CP1 spaces, as summarised by the following configuration
matrix:
X =
CP1
CP1
CP
1
CP1
CP
1


1 1
1 1
1 1
1 1
0 2


5,45
−80
(4.1)
Manifolds in this class have Euler number η = −80, Hodge numbers h1,1(X) = 5 and h2,1(X) = 45. A basis
{Ji} of the second cohomology is provided by the pull-backs of the hyperplane classes of the five CP1 spaces.
We can expand the Ka¨hler forms on X as J = ti Ji, where t
i are the Ka¨hler moduli whose Ka¨hler cone is
defined by ti ≥ 0. Relative to the basis {Ji}, the triple intersection numbers have the following simple form
dijk =
∫
X
Ji ∧ Jj ∧ Jk =

 2 if i 6= j, j 6= k0 otherwise . (4.2)
The second Chern class of the tangent bundle is given by c2(TX) = (24, 24, 24, 24, 24), relative to a basis of
the fourth cohomology dual to {Ji}. We will denote line bundles L with first Chern class c1(L) = kiJi by L =
OX(k). Then, from Eq. (4.1), X is defined as the common zero set of two sections p1 ∈ Γ(OX(1, 1, 1, 1, 0)) and
p2 ∈ Γ(OX(1, 1, 1, 1, 2)). For specific choices of these sections, X has a freely-acting Z2 × Z2 symmetry [26].
Denoting by xm,0, xm,1 the homogeneous coordinates of the m-th projective space, the action of the two
generators on these coordinates is given by
g1 : xm,α 7→ (−1)αxm,α , g2 : xm,α 7→ xm,α+1 , (4.3)
where the index α is understood to take values in Z2. At the same time, the generators act on the two
defining polynomials as g˜1 = diag(1,−1) and g˜2 = diag(−1, 1). The quotient manifold X̂ = X/(Z2×Z2) has
a non-trivial fundamental group, π1(X̂) = Z2 × Z2, and allows for the introduction of discrete Wilson lines.
This manifold has Hodge numbers h1,1(X̂) = 5 and h2,1(X̂) = 15, as can be computed following the methods
used in Refs. [27, 28].
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4.2 The GUT model at the split locus
The bundle V is chosen as a sum of five line bundles
V =
5⊕
a=1
La =
5⊕
a=1
OX(ka) (4.4)
explicitly given by
(kia) =


−2 1 1 0 0
1 −2 0 1 0
0 1 −2 0 1
1 0 0 −1 0
0 0 1 0 −1


. (4.5)
Since the columns of this matrix sum up to zero we have c1(V ) = 0 and the structure group is given by
S
(
U(1)5
) ⊂ SU(5). The second Chern class of this bundle is given by c2(V ) = (10, 10, 10, 18, 18) and, hence,
comparing with c2(TX), we see that it is consistent with anomaly cancelation. The index of V is χ(V ) = −12,
appropriate for obtained a three-family model after dividing by the order four symmetry Z2 ×Z2. Using the
definition (3.2) and the explicit values (4.2) for the intersection numbers, it is easy to show that the slopes,
µ(La), of these five line bundles vanish simultaneously at the split locus t1 = t2 = t3 = t4 = t5. At this
locus, the low-energy GUT group is SU(5)× S(U(1)5) (with all U(1) vector bosons massive, as can be seen
by inspecting the rank of the matrix (4.5)), and the matter spectrum is given by
4 101, 4 102, 4 103,
4 51,3, 4 51,5, 4 53,4, 3 51,4, 3 51,4, 54,5, 54,5, (4.6)
12 11,3, 4 11,5, 16 12,4, 4 12,5, 12 13,2, 4 13,4, 12 13,5, 3 11,4, 3 14,1, 14,5, 15,4
Evidently, we have 12 chiral families in 10⊕5, which will lead to three families after carrying out the Z2×Z2
quotient, plus four vector-like 5 – 5 pairs and a spectrum of singlet matter fields. It is important that we
have 5 – 5 pairs from two different U(1) charge sectors, one of which can lead to the Higgs doublets, the other
one to Higgs triplets. In this way, it is possible to have a trilinear superpotential coupling between the Higgs
triplets and a singlet matter field but avoid the analogous trilinear coupling between the Higgs doublets and
the same singlet matter field.
4.3 The MSSM with a vector-like pair of quarks
The line bundle sum V descends to a bundle V̂ on the quotient manifold X̂ = X/(Z2 × Z2) if and only if it
has a (Z2 × Z2)–equivariant structure. Moreover, when each line bundle La is individually equivariant, as
will be the case for our example, the bundle V̂ is also a direct sum of line bundles. As a result, the number of
U(1) symmetries and the U(1) charges of the various multiplets remain unchanged after taking the quotient.
It can be checked that all five line bundles La in Eq. (4.5) admit an equivariant structure with respect
to the group action (4.3). However, this equivariant structure is not unique, and two equivariant structures
can differ by a fiber-wise action of the group. Thus, we can classify the equivariant structures of the line
bundles La by five irreducible Z2 × Z2 representations. In general we denote Z2 × Z2 representations by
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(p, q), where p, q = 0, 1 and also introduce the regular representation R and the representation R˜ given by
R = (0, 0)⊕ (0, 1)⊕ (1, 0)⊕ (1, 1) , R˜ = (0, 0)⊕ (1, 0)⊕ (1, 1) . (4.7)
For our specific model, we choose the following equivariant structure:
L(0,1)1 ⊕ L(0,0)2 ⊕ L(0,0)3 ⊕ L(0,0)4 ⊕ L(0,0)5 . (4.8)
Given this choice, we can compute the decomposition of the relevant cohomologies into Z2 × Z2 representa-
tions. These are given by
H1(X,L1) = R H1(X,L2) = R H1(X,L3) = R
H1(X,L1 ⊗ L3) = R H1(X,L1 ⊗ L5) = R H1(X,L3 ⊗ L4) = R
H1(X,L1 ⊗ L4) = R˜ H1(X,L∗1 ⊗ L∗4) = R˜
H1(X,L4 ⊗ L5) = (0, 1) H1(X,L∗4 ⊗ L∗5) = (0, 1)
H1(X,L1 ⊗ L∗4) = R˜ H1(X,L∗1 ⊗ L4) = R˜
H1(X,L4 ⊗ L∗5) = (0, 1) H1(X,L∗4 ⊗ L5) = (0, 1)
(4.9)
All remaining singlet cohomologies that have been omitted in (4.9) correspond to multiples of the regular
representation R.
In order to break the GUT group to the gauge group of the Standard Model and to project out the
unwanted states, we complete the bundle on the quotient manifold to V̂ ⊕W , where W is a flat rank one
bundle (a Wilson line), with structure group Z2×Z2, embedded in the hypercharge direction of SU(5). The
Wilson line can be specified by two irreducible Z2 × Z2 representations, denoted by W2 and W3, satisfying
W2 6=W3 and W⊗22 ⊗W⊗33 = (0, 0). We aim to obtain the exact chiral matter spectrum of the MSSM, with
the chiral SU(5)–multiplets being broken in the usual way as 5a,b → (da,b, La,b) and 10a → (Qa, ua, ea). In
addition, we would like to project out the triplets from the (54,5,54,5) vector-like pair and retain a pair of
Higgs doublets. From the three (51,4,51,4) vector-like pairs we would like to retain a single vector-like pair
of triplets T − T (exotic quarks). The appropriate choice of Wilson line is given by
W2 = (0, 1) , W3 = (0, 0) . (4.10)
The Z2 × Z2 charges of the various standard model multiplets, including the exotic vector-like quark pair,
are listed below:
W(d) =W(T ) =W3 = (0, 0) W(L) =W(H) =W2 = (0, 1)
W(T ) =W3 = (0, 0) W(H ) =W2 = (0, 1)
W(Q) =W2 ⊗W3 = (0, 1) W(u) =W3 ⊗W3 = (0, 0)
W(e) =W2 ⊗W2 = (0, 0) .
(4.11)
With these charges, we can compute the number of multiplets of any given type ψ resulting from the
GUT symmetry breaking. Thus, if ψ is associated with a cohomology group H1(X,L), we have to extract
the Z2 × Z2 singlets from H1(X,L)⊗W(ψ). From Eqs. (4.9), (4.11) and the identification of cohomologies
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and particles discussed in the previous section, we obtain the following standard model spectrum:
101, 102, 103, 51,3, 51,5, 53,4,
T1,4, T 1,4, H4,5, H 4,5, 3S1,3, S1,4, S4,1, S1,5, 4S2,4, S2,5, 3S3,2, S3,4, 3S3,5 ,
(4.12)
where we have denoted the singlet fields by Sa,b and we have used the compressed SU(5)–notation, where
appropriate. The spectrum contains, apart from the MSSM multiplets, a vector-like pair T – T of exotic
quarks and a number of singlet matter fields, which correspond to bundle moduli. These singlet fields can
be given VEVs, which corresponds to deforming the bundle away from the split locus and into a non-abelian
bundle. However, not all deformations of the bundle lead to supersymmetric vacua. In fact, for our example,
the following terms
Wsing ∼ Sp1,4Sp4,1 , (4.13)
where p ≥ 2, are allowed by the U(1) symmetries. These operators are the only possible contributions
to the singlet superpotential, Wsing. If indeed present, they obstruct switching on VEVs 〈S1,4〉 and 〈S4,1〉
simultaneously and hence, we require that either 〈S1,4〉 = 0 or 〈S4,1〉 = 0. With this assumption, the D-term
equations can be satisfied for generic (small) VEVs of the remaining singlet fields, indicating the existence
of supersymmetric vacua near the split locus t1 = t2 = t3 = t4 = t5 in Ka¨hler moduli space.
The superpotential is further constrained. At the abelian locus, the coupling HH must be absent, as
indicated by the cohomology computations. However, the superpotential couplingH 4,5L1,5S4,1 is allowed by
the U(1) symmetries. We assume that 〈S4,1〉 = 0 in order to avoid generating a large Higgs mass from this
term.
For the discussion of the QCD axion, the relevant superpotential couplings allowed by the U(1) symmetries
are
W ⊃ T 1,4 d3,4 S1,3 . (4.14)
For a non-zero S1,3 VEV, this coupling removes the d3,4 – T 1,4 pair from the massless spectrum and, hence,
these fields play the role of the exotic quark fields Q and Q˜ from our general set-up. (The “missing” d-type
quark is replaced by T1,4 which carries the same standard model quantum numbers.) Altogether, this provides
a realisation of the axion mechanism discussed in the previous sections. If 〈S1,3〉 can be stabilised at a small
value, 10−7∼< 〈S1,3〉∼< 10−4 in GUT units, the axion coupling parameter will be in the phenomenologically
allowed range.
5 Summary and conclusions
In this note, we have shown that a KSVZ axion with a decay constant in the phenomenologically required
range can be realised in the context of heterotic Calabi-Yau compactifications with split bundles. At the split
locus, the low-energy symmetry is enhanced by one or several U(1) factors. Their associated FI terms vanish
at the split locus and can assume arbitrarily small values close to it. Hence, solving the D-term equations in
the vicinity of the split locus leads to a small VEV for a matter field singlet. Provided this singlet is coupled
to a pair of exotic quarks, its phase becomes an axion with a decay constant set by the size of the FI term.
We have presented an explicit line bundle standard model where all the required ingredients are present.
Hence, a phenomenologically viable axion scale can be obtained provided the moduli are dialled to the
right values close to the split locus. This shows that there is no in-principle obstruction to implementing
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the axion solution to the strong CP problem in the context of the heterotic string. However, in this note
we have not attempted to explain the axion scale, that is, to stabilise the moduli in the required region of
moduli space. While it is not implausible that moduli are stabilised in the vicinity of a locus with enhanced
symmetry, implementing this explicitly remains the subject of future work.
In the present note, we have presented one explicit example. It is worth noting that the database [25]
contains a large number of potentially interesting models, thus opening up a large area for exploring axion
physics in heterotic string theory.
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